Deep seawater (DSW) refers to water extracted from the ocean, usually at depths of 200 meters or more, which is rich in inorganic materials and has attracted attention for various applications. We investigated the effects of the DSW on the synaptic maturation of cultured rat hippocampal neurons. Immunocytochemical examination of DIV21 showed that PSD-95, αCaMKII, and synGAPα1 clusters were strengthened and coupling rates of SV2 and NR2B were significantly increased in neurons grown in the presence of H-800 and H-1000 DSW. Our results indicate that DSW promotes the formation of excitatory postsynaptic signal transduction complexes NRC/MASC and functional synapses.
Introduction
While no specific definition exists, deep seawater (deep ocean water ;DSW) generally refers to seawater at depths of 200 meters or more, which is devoid of sunlight. Due to the consequent lack of photosynthesis, DSW is relatively free of microorganisms such as phytoplanktons. DSW is enriched in various minerals including indispensable trace elements, making it useful in a variety of applications [7] . The physiological efficacy of DSW has been illustrated. DSW controls the increase of serum lipid values [total cholesterol and low density lipoprotein (LDL) cholesterol] of cholesterol-fed rabbits, and promotes the reduction of serum lipid hyperlipemia rabbits [22] . Furthermore, DSW is useful for the prevention of hyperlipidemia and arteriosclerosis compared to the surface seawater by reduction of the LDL cholesterol level and enhancement of GPx activity [16] . Finally, DSW can improve cardiovascular hemodynamics [10] and indices for cancer chemoprevention [20] .
We have been studying the effects of the DSW upwelled from the East Sea, located offshore of YangYang (KangWondo, Korea) on cultured rat hippocampal neurons. Using this model system we recently tested the efficacy of DSW on morphological differentiation; although DSW had no effect on initial morphological differentiation (17 h post-plating), low hardness (0 and 200) DSW reduced dendritic branching resulting in bipolar-like morphologies in extreme cases [14] .
Hardness 600 DSW was more or less same as control groups, and hardness 1,000 DSW (H-1000) doubled the number of dendritic branches [14] indicating that DSW with appropriate hardness ameliorates neuronal health.
Synapses are specialized contact zones between neurons through which cell-cell communication is achieved in the central nervous system. Electron microscopy has revealed that synapses are junctions between neurons with membrane specializations at the transmitter-releasing presynaptic site and the postsynaptic region. Therefore, development of robust synapses is a pre-requisite of healthy neurons. Excitatory postsynaptic compartments are characterized by glutamate receptors (GluRs) such as α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) receptors (AMPARs), N-methyl-D-aspartate (NMDA) receptors (NRs) and group I metabotropic GluRs (mGluRs) [8, 15] . For the NMDA-or MaGuk-associated (NRC/MASC) complex, PDZ-containing proteins of the MaGuk superfamily such as SAP90/PSD-95 (synapse-associated protein 90/postsynaptic density protein 95) serve as protein adapter sites [5, 9] . SAP90/PSD-95 is the prototypical and best-characterized MaGuk protein that tethers NRs to the postsynaptic membrane [4, 13, 18] . Therefore, PSD-95 can be exploited as a standard marker for excitatory postsynaptic maturation.
The α-isoform of type II Ca 2+ /calmodulin-dependent protein kinase (αCaMKII) and synGAPα1 interact with PSD-95.
αCaMKII interacts with PSD-95 through another scaffold protein termed TANC [21] . SynGAP is a major component of the PSD at excitatory postsynaptic compartments, where it associates with the PDZ domains of PSD-95 [3, 11, 23] .
SynGAPα1 is specifically associated with NR2B [12] and plays a critical role in the regulation of neuronal P38 mitogen-activated protein kinase (MAPK) signaling, AMPAR membrane trafficking, and excitatory synaptic transmission [19] . These molecules are good representatives for excitatory spines. Presently, analyses of these proteins through immunocytochemistry allowed us to investigate the efficacy of DSW on morphological maturation of synapses; we demonstrate that DSW promotes formation of NRC/MASC clusters and synapses.
Materials and Methods

DSW
DSW pumped up from a depth of 1,100 m off YangYang (Kwang Won-do, Korea) was desalinated and concentrated by reverse osmosis. The desalinated water (hardness 0) and hardness 4,000 DSW were obtained from Waterbis (AnSan, Korea). The mineral ingredient content of the hardness 4,000 DSW is presented elsewhere [20] .
Antibodies αCaMKII (1:500; mouse monoclonal 6G9), NR2B (1:1,000) and synGAPα (1:1,000; rabbit polyclonal) antibodies were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Synaptic vesicle 2 (SV2) (1:500; mouse monoclonal) antibody was acquired from the Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA).
PSD-95 (1:1,000; chicken polyclonal UCT-C1) antibody was a gift from Dr. Randall Walikonis, University of Connecticut).
Neuronal culture
Embryonic day 18 (E19) rat hippocampal cells were dissociated by triturating trypsin-treated tissues and were plated on poly-DL-lysine-coated coverslips (1,000-1,500 cells/ mm 2 ) in minimal essential medium (MEM; Gibco, Carlsbad, CA, USA) containing 10% (v/v) fetal bovine serum (FBS; Gibco), 25% (v/v) DSW of various hardness's, and 25 μM glutamate, as previously described [1, 6] . One third of the culture medium was replaced every three days with fresh medium containing all components with the exception of glutamate.
Immunocytochemistry
Cells were fixed using the PFA/MeOH method [17] . 
Statistical analyses
The numbers of SV2 clusters that either overlapped with or were adjacent to NR2B ones in typical pyramidal neurons were counted (10 areas of approximately 20 μm × 20 μm), and are expressed as a percentage of the total (mean±SD).
Multiple pairwise comparisons for statistical significance were evaluated by Kruskal-Wallis one-way ANOVA, and the differences between groups by Mann-Whitney U-test.
The p values of <0.05 and <0.01 were considered to be significant and very significant, respectively.
Results and Discussion
The East Sea is connected with four other open seas through narrow and shallow straits. Due to relatively isolated oceanography, it is a bowl-shaped 'Ocean Miniature' where water exchange between the East Sea and other connected oceans is very limited. Therefore, it is believed that more than 90% of all East Sea water is DSW. In the previous report [14] we showed that the rat hippocampal neurons grown in the presence of the East Sea DSW are healthier and more dendritic branches are formed than distilled water (DW) groups. In this study we investigated whether the health in gross morphology accompanies synaptic 'health' or maturation. Because DSW [25% (v/v)] needs to be added into the culture medium, culture media were made using a powder form [minimal essential medium (MEM; Gibco, #11700-077) containing 10% (v/v) fetal bovine serum (Gibco # 26140-079). This medium is not optimal for neuronal growth compared to Neurobasal, although neurons do survive and differentiate. Ironically, this condition is a good model for testing neurosupportive agents because once can observe amelioration of neuronal growth. Using this model system we recently tested the efficacy of DSW on morphological differentiation of cultured rat hippocampal neurons [14] .
DSW promotes the formation of NRC/MASCcomplex at the spine Our previous study [14] showed that low hardness (0 and 200) DSW upwelled from the East Sea, offshore YangYang (Korea), had negative effects on the gross morphological differentiation when rat hippocampal neurons were grown in the minimal essential medium containing 10% (v/v) fetal bovine serum and 25% (v/v) DSW. However, hardness 1,000
DSW had positive effects resulting in more dendritic branches, while hardness 600 DSW was more or less same as control (DW) groups. Therefore, in this study we chose hardness 800 and 1,000 to investigate synaptic maturation. For markers for NRC/MASC-complex we chose PSD-95, αCaMKII, and synGAPα1.
The expression profiles of PSD-95, αCaMKII, and synGAP α1 are shown in Fig. 1, 2 , and 3, respectively. The three proteins exhibited very similar expression profiles each other.
In control cultures (DW), where no DSW was added in the medium, formation of immunoreactive clusters or spots was weak (panel A of Fig. 1-3) . The histogram (panel B of Fig.   1-3) showed that the mean densities for control groups were 
DSW promotes synapse formation
Synapses are communication sites for neurons in networks. Therefore, development of robust synapses is the prerequisite of neuronal health. To investigate whether DSW affects the formation of synapses, we carried out immunocytochemistry to stain cultured rat hippocampal neurons with antibodies against specific markers for pre-and postsynaptic compartments. For presynaptic marker, we selected SV2, a protein present in the synaptic vesicles at both excitatory and inhibitory axon terminals [2] . For a marker for postsynaptic compartment we used NR2B, which is a member of the NRC/MASC-complex [13] . Fluorescent microscopic images of double-labeling of hippocampal neurons with antibodies against NR2B and SV2 were shown in Fig.   4 . Immunoreactive signals for both NR2B and SV2 were weak in the DW control group, indicating that both pre-and (34.4±1.7% and 58.0±1.8% overlap, respectively). These are very significant (p<0.01) increases from DW control groups (Fig. 4B) . When compared H-800 and H-1000, the latter ex-hibited still a significant (p<0.01) increase in the rate of coupling of the two antigen. These results indicate that DSW promotes formation of functional synapses, while hardness 1000 is better than 800 in this regard.
Conclusion
The present study shows that DSW upwelled in the 
